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STUDY OF QUEUING THEORY IN SHELTER ENTRANCEWAY DES IGN
Y-F011-05~401(d)
Type C
by
D. B. Ryder
ABSTRACT
Experimental data is presented which tests the assumptions on which
Technical Note N-423, Application of Queuing Theory to the Design and

Location of Personnel Shelters, Is based. A method outlining the devel-
opment of design criteria of general usefulness is also given.
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INTRODUCT 10N

An important problem in shelter design Is Insuring that the entrance
of all assigned personnel into the shelter within a given interval of
time has a high probability. Technical Note N-423, Application of Queuing
Theory_to the Design and Location of Personnel Shelters,' attacks this
problem by applying techniques of queuing theory.

Assumptions Inherent in these techniques have been tested experi~
mentally, and the experimental results are discussed in this technical
note. It should be noted that military personnel were utilized In
performing the experiments, and that other commitments placed restrictions
on the time as well as on the number of men available for experiments.
However, results obtained indicate that more complete testing of assump-
tions as suggested in N-423 is not warranted.

ASSUMPT IONS
Assumptions made in Technical Note N-423 are as follows:

1. g(t) = ue-“t, where g(t) is the probability of an interval of
time t between services, and p is the service rate (the average number
of persons passing through the entryway per unit time if persons are
always waiting in line).

2. f(t) = Ke-ht, where f(t) is the probability of an interval of
time t between consecutive arrivals, and A Is the arrival rate (the
average number of persons arriving at the shelter entranceway, or at the
end of the queue at the entranceway, per unit time).

3. p =AusS0.9, where p is the ratio of A to p.

L. N = 100, where N Is the number of persons to he accommodated
In the shelter.

5. The queue is singie file.

6. Service is '"first come, first served'.

/. Transient effects can he ignored, and the steady state solution
can be utilijzed. :
EXPER IMENTAL PROCEDURE

Personne! were made available to NCEL by the Construction Battalion
Base Unit. The muivi-purpose protective sheltew® of the Construction
Battalion Center was also made available by the Disaster Recovery Train=

ing Division. Records of test runs were made by Esterline recorders and
by movie camera.



Assumption | was tested by running groups of men single file into
the shelter. Recorders equipped with push-buttons were stationed 60
feet from the shelter entranceway, immediately at the entranceway, and
Inside the shelter. As each man passed each station, the push-button was
depressed, and a permanent record of the run was obtained on the recorder.
fn each run designed to check assumption 1, all participating personnel
were lined up single file 60 feet from the entranceway, and at a signal .
from the offlcer iIn charge, personnel began moving into the shelter at
normal military pace. Service was thus 'first come, first served."
Filmed records were obtalned of personnel moving through the entranceway,
and inside the shelter. The filmed records were obtained for purposes
of checking the manually operated Esterline recorders. Figures 1, 2,
and 3 show the location of the recording stations and the geometry of
the shelter entrance.

Assumption 2 was tested by stationing men in such a way as to
approximate the actual slituation for which the CBC multi-purpose protec~
tive shelter is intended. The CBC Disaster Control Recovery Plan provided
data on the Intended staffing of the shelter. Probable locations of the
staff personnel assigned to the shelter, which Is intended for use as a
control center in case of nuclear emergency, were determined, and test
runs were set up to simulate a possible real situation.

Nunibers of personnel expected to proceed to the shelter from various
buildings on station having been estimated, available personnel were
distributed into groups in proportion to these numbers for the test runs.
Distances used in the test runs were scaled to the true distances from
building to shelter in the ratio of one to four 'in order to facilitate
actual testing operations. The groups were directed to remain at or
near thelr respectlive stations, and were permitted to sit as well as
stand while waiting. At a given signal, all personnel began moving
toward the shelter at a normal military pace. Recorders were agaln
statloned 60 feet from the shelter entranceway, at the entranceway, and
inside the shelter. Filmed records were obtalned of personnel moving
through the entranceway, and inside the shelter.

Since the CBC multi-purpose shelter was located In a remote corner
of the base, it was decided to simulate the case of a hypothetical shelter
at a more centrally located site. Except for the different initial
stationing of personnel, procedures were tdentical to those described
previously,

The case of a multi-story building with adjacent shelter was also
simulated by stationing groups of personnel so that 100-foot Intervals
between groups represented the difference between consecutive stories.
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Service was ™TTrst come, first served'’ for «tf runs, and a%? queues
were single flle.
* o

VALIDITY OF EXPER IMENFAL PROCEDYRES IN FESTING ASSUMPTIONS

Comment upon the walldigy of expsrimgnte?l procedurcs used Pn testing ‘
assumptions is warranted. s Pk egalisgie t® simulave actual Pehavior i
'n a nuclear emergence by gtagioning @roups Of personned 88 foot as
different distances frem the shgltgr entramrecwsy §0 awaig & waraing
signal? In view of many unknowns, ghis geemed to be thg dest that could
be done. No provisian s been mpde for methe®d of sransmertacion e the
CBC control center im casq of @lgre. The GBC DYsaster Rectvery Training
Diviston Officer expressed tha bellaf that persomal vghieles would be
utilized, and the reduttion of distanges in ihe vatlo of ane to four
tends to moke allowance for thif. @ view 0f the varitus destinations to
which personnel would procesd and the present 1gvel of vealning of persoancl,
the chaos which would otcur during an petuat emargency makes it difficult
to formulate a realistic model. @aty in the cvent that » high tevel of
training ig attained, with frequent dr?tls, ean » rgalistie epproximation
to the actual situation be made. Even then, i arriva) secords of an
actual base wide drll] were ghtained, these regords woyld serve only for
CBC and for the control ceanter as presently locared. Nevertheless, the
results obtainad in the experimgrts performed do have significant bearing
on the problem 6f proper ghetterwdy des¥gn, and a discussten of the
impVicBtion of these experiments is pregented ¥In a following section.

it ehould also ba pointed cut that #ssumption 4 was not enforced in .
some af the experiment®¥ vung, Suificiant parsonnel were not availabie
om these oceasions. In developing the mathematics of Technical Note N-k28, *
this assumption was made subsequent £o asgumptions 1 and 2, and because
. indicagions are that assumpiéiens | and 2 sre invalid in themsglves, the
failure to enforce this assumption is not of great Importance.

EXPER IMENTAL RESULTS '
Experimental runs were made as follows: :

‘Run ¥:° Thirtyenine man wera stationed single file with the
frant of the queue inltially 60 feet from the shelter
entrange. On signal, the men moved Into the shclter.

Rum &: Forty men were distributed in greups in proportion to

. * the cxpeeted distributlien of persomne! assigned to the
shelter i1m event of attyal emergency, and these groups
were stationed so ag to presefve the ratlo between
distanees travelled to tNe shetter foi the experimental
wun and the res! gvents A @roup ef gix men was ytationed
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Run 3:

Raw be

Rn 8§,

Ruiy &2

Run 72
Run 8:

L

500 feeg frem the Shelter; 3 hem, ¥160 feet from the
shelters one man, 1580 feet from the shelter; two men,
172® feqt from ghe shelter; ewo men, 1850 feet from the
sheltey; 22 mgn, 2295 feet from the shelter! one man,
2315 fee? from the $hetter; one man 2400 feet from the
ahglter. On sdgnaly the Men mgved Into the shelter.

83me a8 eun 2, except that 21 mem were statloned 2275
fecs §rem the shelter entranse.

Yo stmulate the cage of a three-story building with
adjacent $helger, groups of 13 men were stationed at
§08 feet from ghe shelter entrance, at 200 feety and
at 300 feet. On signal, the men moved into the shelter.

Same® as :un 4, except thag the men were s3afloned at
Lo® fcet from ghe shelger entrance, a% 500 feegy and
8t 60D feego

Same a3 run b, enecpt that ':he fen vere stattoned ag
700 feet from the sheiter sateance, at 80¢ feet,* and
at 900 feate

game as run §, exgept that €8 mem partielpated,

The case of a eenteally Vaeated $helter was s¥mulageds
Sixgy-féur men were d78tributed T greups in proportfon
to the @xpegted distribution of personnel ass¥gned o
the shelter in ewent ®f an actual emergengy, &nd these
groups were stagdoned 30 as t® peeserve the fafio ,
between distances travelded ko the sheljer for ghe
experimental run &nd the rsal evente A greup &f 35
men was shatlened 280 fegt from the ghel®er$ 3 men;

%30 feet from the shelter; 2 men, 380 feet §eom ghe
shelterg 8 mem, "§0%0 feet from the shelters 3 med,

1100 feet #rom the sheltee; 2 men, 9270 feot irem the
sheleer; 3 mem 15350 feet from the shettes? 3 men,

1580 feet §rom the shelter; and 8 mem, Y840 feet §rom
the shelter. On 2ignel, the men moved ¥n%o the shelter.

Same as run 8, except that a h'gh explosijve was eletonated
'n the immediets agea of the shelter,*and atd personne?
wigh pelvate wvehicles neap Che sheVter were directed to
move them approximately 150 yards fapther away from

the shelteP befofe the run stafted and before the

8igne? 8 move into the she¥tee had been given.

o PerSonnel were*tofd shat the high explosive would be

detonated at am unspecified time afteP the signal to move
fnto ¢he shePter had been given. Tt was fedt that the
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knowledge that no danger was fmminént contributed to
the orderly and expeditious manner in which personnel
moved Into the shelter on othet runs. Run 9 was
desTgned to see if an ebement of uncertainty regarding
pefsonal safetywoghd have any effect on the men.

Ryn 10° $ame as run 8, exeept that #31 mefy participated, A

roup of 57 men was statdoned 240 feet from the shelterg

?men, 10 feet from she skelter; 4 men, 780 feep &rom

Qhe shelter; 8 men, $040 feet from the shebieP¥ 6 meNn,

1100 feet from the she$te®® 5 men, 1278 feet from the P
shelter; 5 men, 1550 §eey feom she gheltepry § men,

1580 feet from the shedters and 16 men, 1640 feet from

the shelter. On signa%, the men moved #A $he shelted-

Run, 19 Same as run 4, except that 64 mem wege sgagloned 8@
feet from the sheltery 28 meny 289 feeg$ and 18 mens
300 feet. &his run was Sej up 50 as 40 iplupe Bhat @
relatively long queue wowdd form.

Fo# suns 1 thsgush 6, w¥nd was from ghe wesy Cpespendigulas 0 the
difection of Braved) at 1 to 3 knots, egmpePatuge warled Begween 82 degece?
Fahrenhe?® and 85 degrees Fahrenheis, Baremegri@ pPessuse was 30.00 in and
8%cadyy and there was no cloud covere Fop runs 3 {htolgh Y, wind was feem
ghe wesg at 4% to #8 knots, temperature wap 58 degrees Pahrenheit, basémetrl@.
psellurg was 30.02 gy and steady, and® ghefe was e qloud gover. dges af
paftiaclpating pe#sonnel varied betweem 5@ and &7 wikh a medh ®ge o a! yeafse
Tegealn was dewed except fof one gTtgh which was saslly stepped Over.

. ]

Phe data obta¥ne® from the exper imewtad tuns és presanted in Tables
) ehrowgh 30 8n Appendin A- Featdon § Peiers &0 the fecordar §0 fect
from e shelged entwangey stakion By R0 She fegordes at the sheltep .
engsan@e and statfon §, o thg ecgarfer fnslde ghe sheltery Time is
measufed from the fhstant ghe ®igesl Jireet ing S88sMaed to proceed inte
the sheltes 4s giveng and saglt caery inm the tabls scfers §o an 2rrival
ag a sgatione ’

ANALYS IS OF EXPER{QMEm;@’”;UWSW .

Dat® fsom gwng & and T I8 analyzed ¢O Sast ASSUMLIN ds A was .
secommedeg dis Je€hnidal Notg Ne%23, @ ghjefquags tecas was perfurmed. :

A sePbi€e s gBnsdeeved R0 Rave $clUrPed whem @ man atPives at staiion

3e For sun $p aretyals et seation ¥ between 3%.0 ecetinds and 3449

segods nllvslsg ape tecated In tegms BF 50 subsimtegval® &f ) seComd o .
cache fof FUN 7p 280lvals Bagweclt 2000 sclbndd and 943 sgcobds daclusfve

ate Created 3 term® 8f 38 sad-Inec valecnl § sectnd caen. In the folle»«;—

éng Enays¥s, ochers §8 the symbep Of aredvals In a subsinterwal, .

X
£x,.3 20 She 'Pb?ssan probabli 1ty 0F 2y arelvals In a sybeinterval, 3 t0  °

the mumber of subedntergals, and A, 50 the aétwuad mumbes of subwintegvals o **
wlth x aPriva¥s. Thug, thgereti@adly, &he product of § and P"ls’ should

be equal im valye %0 AE
-]
®




2 2 0.490 24.%0 24 0.010
3 3 0.095 4.75 5 0.013
&
3 {I0(x.3 A
TOTAL Aw = o lxd * A - §.9312

LT Px

If the service rate is normally distribyted abovg x = I.G‘, Qhere
are three chances in four that é will be Yesg ghan 0.%02. Since d = ®
0.072<0.102, there Is no reason to obJec® §o aM assemptiom ef A®rmal®Py ~
distributed service rates on ®he basis of ghe exper@mensal dasa.

L ]

Although run 11 was not intended as a check @n agsumptlon 1, data
from this run can be used to further investgdat® the assumption that
service rates are normally distributed about & mean vajue. ¥F, in
addition to the 50 sub-intervals from runs 1 %n8 7, arglvals in gun 11
between 25.0 seconds and 174.9 seconds #nclusdve aPe greated in terms
of 60 sub-intervals of 2.5 seconds each, thete &s sgil} na peason to
object to the assumption of normally distrabwged serviee rates. Fupther®
more the values of |:P(x,) are of greager magmitude ®¥ending more con=
fidence to the use of the usuad approximasTem @@ khe disgrete a.z frequehcy
function.

(80103 = &y}’

k x p(x, % teP{n ) A
“ Ve . . b-2lm)
0 0 © 618 68 ] @.028
3 | @.?"}3 '3.)8 ' Ly 0.015
2 ) 0.8050 56400 36 0,000
3 3 9.0887 6.89 b 4 0s000 °
S sty e n)?

I8 sse @ervice Pate i umﬂlg distriduied dtod x » §.€36, there
are*foue Nangan 10 Five shtat & will fe Tess than 0.064.

Daga Prom runt 2 ¢hrgugh 6 snd § ehrough § was analyzed 59 tede
aspumption 3. An acfival ip COonsédepred €o have ccBurred shieh 2 Ban
arrives ag Ssatten 8, fgr rung 2 and 3, arvivals Retwaen 0.0 secends
and 539.9 secondt Intluslve 2t@ tredted In Rctas OF Svsccond Inveswalss
for euns B and §, aredval® betwaen 9.0 scconds sad 115.9 Saconds instusive
arg treated im tctng of Fwscrond Intervads? for rum By ardfvale Betvean
8.0 secordt and 179.9 sesonds incluslve ar@ tredted 1@ terns of 3-scsond

.
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intervals; and for runs 8 and 9, arrivals between 0.0 seconds and 359.9
seconds inclusive are treated in terms of G~second intervals,

' Run 2

@ Pt - A)°
k Xy P(xk) I'P(xk) Ay - ?*Péxké *—
0 0 0.717 86.¢ 365 ® 420 °
] 1 0239 28,7 é | {19
2 2 or 0.0L44 5e3 8 4438
more
[
TOTAL é ;" ol =2 ’ » 2083
E J )
4 %=0 o0 lung
Run 3
0 0, 0.723 86.8 106 4,25
] 1 0.235 28.2 2 23,94
2 2 or 0.042 &0 ¢/ 9e80
| more ’
v TOTAL \ A = 38.39
-]
Run L
0 0 0.522 3143 e 3.66
@ 1 0.339 20@3 3 1hq7k
2 ? or 0.139 8.3 15 5.4]
more ‘
#0TAY & =287
Run $
e °® 06522 30.9 b 3.0%
] 1 c.339 2093 b 16959
. d 2 ®r @.139 8.3 "7 ®.92
mok@ —a
[
goTAL _ A = 28.83
-]




(1-P(x) - A
k- X P(x,) 1-P(x,) A PR
0 0  0.522 31.3 45 6.00
1 1 0.339 . 20.3 2 16.50
F3 2 or 08139 8e3 13 o 2.66
more ° ‘ &
| (7 _ ©  A=25.16
F Y X1 EOLS
) ' 8.366 26.4 g 20.§0
Py ®or 9.233 1643 b 2.70
mofPe
®
RosAL & = Ug.30

For each of these cases, if the arrival rate is gruly Poisson,
@#he¥Pe is one chance in a thousand that A will exceed $.%.

#MPLECAT IONS OF EXPERIMENTAL RESULTS

Experimental results strongly imply that queupng theory wigh Poisson
input and exponential service times is of limited usefullpes$ in desdgning
shelter entranceways. For the shelter entvan€e ®es®ed, indieatilns age ©
that a mean service rate (0.65 entries/sec for he case Res®ed) holds,
and use of a mean service rate for design purpgses sheudd susfi€es &he
problem of arrival rate is not so simple. Al!hough 4t does scem epedSon®
able that rates of travel under emefgency conddgd@ns are hgPmaldy déssrée
buted about some mean value for walking and yunnéng givem distanges, i}
is difficult to test this assumption experimental¥y. Nevergheless, Qivgd
approximate lccations of personneY with respg®t o saclter, desigm egiterd®
t0 insure the entrance of assigned pe®sonnel €am Pe adgquately LawePoped
if use of a mean value for walking and rumntag gven distanees 8s hmade §u
determine arrival rates.

A slightly modified version of the design method da¥eleped at NSEL

for inelusion in Navdocks P-81, Part 22, is appYa@ablee An example s o

utilized to illustrate the method. For This example, Figure 4 sh@wp je
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distribution of work spaces for the assigned occupants. Distances to
shelter, numbers of persons, etc., for each building are shown in Table
1 of Appendix B, while the example is given in Table 2. Results of the
application of the method to the experimental runs are presented in
Table 3 of Appendix B and are considered satisfactory.

i

Appropriate travel rates and service rates for use with this design
method are found in '"Design of Entrance Systems for Personnel Protective
Shelters",3 but no information for travel rates immediately at the entrance-
way could be found. Here a reducticn of speed was notéced during the
experimental runs. It is not clear if this was due to the fear of hitting
the metal perimeter of the relatively narrow entrance, if the change from
level ground to stairway had some effect, or &f some other circumstance
contributed to the bottleneck. At any rate, velocity fof this 2 foot
interval was computed to be about be§ feet/second. TJhis value was
obtained by dividing 60 feet by the average number of men between Station
] and Station 2 once steady s®ate condégaons hall been geaghed on Pur ble
and then multiplying this valye §y ®he mean gegPvice rate. This average
computed value is utiVize® én ghe cai@ulagdens ef Table 3 ef Appendix B.

1

For this design method %o havg general qsciuhnels, mgre anformasion
is needed regarding velecity of Ppe?stn® Lhrgygh a waréely of hatshways
and openings. Effee® of poth etosswsecfhonal apea and séope of Che
opening with respeqt tq@ gPeung deve! should Y& ssudied. AYY that &s Weeded
for such a ssydy #s a seties of mockups and & geoup OF 56 men gF m8Pe.

AYso needed I§ tore informatien gc@arding queue denpity ad a funttiom
of velocisy. In erder %@ compuge lepgfhs of Queues a¥ &iffercht &8mes,
it is necessary R0 know the average am@iutt of gpage degupicd &y a pefsen
in the queue. This MfePmation €8yld be collegtad dpring fhe batghway ©
velocity test. A group ef 300 men Ot eGFe would them ke mecded 0 Ofdce
to provide adequa®e gata, howecvee. '

Further impYieations were that Rdgititng is of gyreas iMportansd i
insuring the entrance of assighed wetsBanal, Propsar wtilivesion of
personnel shelters can oceur onby wilh pederly BERSVIQP through famil hag-
ization of each individyal with the agtigd #g bpo tal.en FM ghe evgnt of
immenent emergeney, ®hrough proper 3ratéid conEfody eiic-

It can be tentatively stated ghol hiftiMDzafign #f digtances O the °
probable locations of assigned petsonnel 3s @F Yea3der smp@etance fhak
the maximumization of the area of shetgsr engeances ¥8r mgsd situateomse
The fact that there was little problem il ®erwigiihg §ha men eveN though
distances from the shelter were scaled £p€mM & g0 ¥ ¥Wndisates that, for
shelters located on a station where assigngd ’etsensle’ way ¥e expcolod

4
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to originate from several locationsy more can be gained from proximity
of the shelter to these locations than from the provision of larger
entrances or more entrances. This fact Is further substantiated by the
speed with which all personnel gained entrance to the shelter in runs

8 through 10 as opposed to runs 2 and 3.

FINDINGS

1. Two fundamental assumptions on which Techni@®l Note N-423,
Application of Queuing Theory to the Design and Location of Personnel

Shelters, Is based did not hold true for the cases experimentally tested.
®

2. A step-by-step arithmetic procedure provides reasonable accuracy
in predicting arrival time for personnel.

3. More information regarding velocity of personnel through hatches
and openings and density of queues is needed.

L, 1t is extremely difficult to simulate emergency conditions in
so far as movement of personnel! !s concerned.

CONCLUS10ONS
it Is concluded that:

I. The step=by~step arithmetic procedure presented in this note
can be adopted for use in shelter siting and entranceway design at the
present time.

2. Experimental work to determine veloclty of personnel through
hatches and openings and also to determine the density of queues should
be performed.

L ]
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APFPENDIX A

TABLE

Run

Station 2

13.0 sec

4.0
15.1
16.3
17.2
18.9
20.0
21.1
22,7
24'0
25.2
26.5
27.8
29.3
30.5
31.6
33.0
34,0
35.1
37.1
38.3
40,1
A' .8
43,1
Ly 4
46.1
L47.7
Lo .4
50.9
5200
53.8
55,1
56.5
5803
60.0
61.7
63.2

1

17

Station 3

21.2 sec
22.3
23.2
24.9
26.0
28.0
29,0
30.9
31.9
34.6
35.4
36.6
37.7
38.9
39.6
40,8
41.5
43.9
Lh .9
46.1
47'8
ks.g
51.5
53.1
54.9
56.'
58.2
60.0
61.1
62.2
63.3
66.0
68.1
70.9
72.5
74,1
75-4




35.2 66.6 78.0
TABLE 2
Run 2
Station | Statfon 2 Station 3
92.2 sec 1NA .0 cag 118.5 sec
93.1 107.2 116.4
93.9 108.6 117.3
94.6 109.8 118.8
95.2 110.8 120.1
95.8 112.4 121.8
352.7 362.5 369.5
36L4.7 376.0 384.4
365.3 377.3 385.6
431.1 VTN 453.7
432.0 L46.0 456.,0
437.4 4Lig .1 458.8
438.1 450.4 460.0
L439.2 452.0 L4e1.1
448.6 459,8 467.3
4ug.8 Ler.7 471.2
451 .4 L463.6 473.5
452.2 L46s5.0 474,9
453.0 Le6.2 475.7
453.6 L467.7 476.5
453.9 L68.8 477.6
4o 4 470.3 478.6
454.9 L71.5 479.9
465.6 472.9 481.9
456.0 474.2 483.0
456.5 457.6 485.1
456.9 477.4 486.8
457.9 478.8 L87.5
458.8 480.4 L88.7
459.9 481.8 489.7
460.9 483.2 490,8
461.8 484.8 492.8
L462.6 486.4 4ok.2
463.3 487.6 495,8
463.9 489.5 498.0
464.8 431.0 500.2
466.7 4g2.7 501.9

18




‘Ut
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0 —

» »

W A\D oo

Station |

81.5 sec
82.4
83.0
83.7
85.5
8509
331.6
335.4
336.8
381.5
382.2
384.9

! 38605

387.9
L‘37 .6
438.7
439.8
L56.9
458.0
462.5
L463,6
466.2
467 .1
467.7
468.8
469.7
470.1
470.7
471.1
472.1
473 .4
L74.0
L7k .7
475,5

511.6

592.5
5ek.0

TABLE 3

Run 3

Station 2

93.8 sec
95.4
96.6
97.8
99,0
100.3
352.0
358,2
359.6
L406.4
407.6
411.0
412.3
413.8
461,2
462.5
L63.8
479.5
480.9
486.5
487.7
490.0
ho1,1
492.7,
493.8
L4o95.8
4o7.1
498.7
500.4
50];“
503.1
505.0
50603
508.6

Station 3%

97.6 sec
98.8
100,2
101.8
103.0
104.8
354.9
362,0
363.7
409,5
411.5
Ll5.4
416.9
418.3
4g2.1
Le4.0
465.5
480.6
482.0
488.5
491.1
L92.9
493.8
495.0

U4g6.5

Les.o
500.0
501.5
502.9
504.3
506.0
507.3
509.0
509.9




L76.6
478.3
kok.9
551 .8
552.6

*Reference to movie records indicate the Esterline records for Station

509.7
510.9
520.0
576.7
577.8

512.4
® 5143
522.4
581,4
583, 1

3 as given here are 6 seconds too fast.

Station |

6.2 sec

-

.

N—-O\D\OEOoo\loxm\n.pwnn—-oc\m:wwn—o\om\l\l
L] - - > - L] - - [ 3 [y > L]
OCOMNMUVINOMN OO FUVMIOWUMOMUIMNOANADOWOWW —WwWWWw o O

AT A U B0 LA L0 L0 L W0 W0 W0 W) A W L0 ) et ot ot ot ot et ot

TABLE 4
Run 4

Station 2 Station 3
16,6 sec 25.1 sec
18.1 26.4
19.6 27.5
20.6 28.4
21.6 29.3.
23.0 30.2
23.2 31.2
26.0 32.0
26.9 33.7
28.1 35.1
29.1 36.6
30.5 38.1
32,1 39,3
43,1 52.1
4.2 53.0
45.3 54.0
Le. 4 54,8
L7.5 55.7
48.9 56,8
49 .9 57.9
51.3 59.1
52.6 60.1
53.9 61.6
55.] 6205
56.3 63.6
58.0 65.4
6]06 69:7
62.9 71.4
64.1 72.8
65.5 73.9

20



[

53.0
53.6
54.5
55.7
56.8
58.

59.0
60.4
61.4

Station 1

56.0 sec
57.0
579
58.5
59.4
60.4
61.3
62.3
63.1
64.3
65.5
66.3
67.2
79.4
80.4
B1.4
82.3
83.4
84.2
84.8
85.5
86.1
8700
87.7
88.5
82.3
100.4
101.6
102.5
103.8

66.9
68.3
69.9
7' ll
72.4
74.3
74.9
77.0
78.7

TABLE 5

Run §

Station 2

68.1 sec
69.2
70'“
71.5
72.6
74.2
75.5
76.7
77.7
78.8
80.4
82.0
83.4
92.9
94.0
95.2
96.9
9802
9%.2
100.2
101.3
102.5
104.0
105.4
106.0
107.9
112.4

[¢)R 0, RV
£w 0o

1
1
I L

21

75.0
7602
773
79.8
80.6
830]
84.3
85.6
88.1

Statlon 3

76.9 sec
78.0
79.1
79.8
80.6
82.1
83.0
84.4
86.6
88.2
89.3
9] .o
91.8
101.7
102.7
103.5
105.0
106.1
107.1
108.5
109.5
111.0
112.4
II3¢0
115.2
115.6
121.4
123.9
125.1
126.3




|
|

105.2
106.1
107.4
108.5
109.5
110.3
111.2
112.6
113.7

Station |

———————

112.0 sec

112.9
113.8
114.8
115.9
117.0
117.8
119.0
119.7
120.4
121.1
121.8
122.9
135.1
135.9
136.8
137.7
138.5
139.5
1400""
141.6
W2.7

: 1’*3 Q_2

124.@
45,1
wffs
167.4
16209
163.9

(-2

®

118.6
120.1
121.8

123.2

1244
125.9
1273
128.6
130.0

TABLE 6
Run 6

Station 2

128.9 sec
130.2
131.1
132.6
134,
135.3
136.8
138.3
139.3
140.5
]L"ZQS
144.3
146.1
153.5
154.7
155.8
157 .1
]5802
159.4
160.9
162.5
163.6
164.7
165.9
167.0
168.3
177.9
179.8
181.2

22
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127.7
129.3
131.6
133.0
134.,2
135.2
136.3
136.9
139.4

Statlon 3

137.8 sec
138.5
139.8
141,1
%W2.2
144.3
145.6
146,.8
149.0
150.1
]5] .3
152.4
154,3
162.1




165.4 183.1 191.5
167.3 184.5 194.3
169.0 187.1 196.0
172.G i88.5 198,1
173.3 190.3 199.3
174.3 191.9 200.3
176.1 193.3 202.5
177.0 194,8 204.3
178.7 197.1 205.6
179.4 197.8 206.9
TABLE 7
Run 7
Station | Statlon 2 Station 3
1.5 sec 10,7 sec 17.8 sec
2.3 11,3 18.7
.2,8 12.2 19,9
307 1306 2].6
4,5 14.8 23.4
5.3 15.7 26.8
6.1 16.6 28,2
6.9 17.4 29.4
7.5 18,3 30.3
8.3 20.1 3.4
9.1 21.3 33.2
9.7 23.3 34.5
10,3 24,7 35.8
1.4 26.2 36.9
12.2 28.3 38.1
12.7 29.3 39.4
13.1 30.0 4o.2
13.5 31.3 4o.9
14.2 32.8 41.6
15.1 34.3 L3.7
16.1 36.2 47.8
17.0 37.2 48,4
17.6 38.4 Lg.7
18.3 39.5 50.5
20.0 40,5 51.8
20,8 41.9 52.7
Zl.ll- lf305 53.5
22.0 Ly, Sh.4
o ®
.23




22.6 #r6.1 . 55.6

23.5 ‘ L7.5 57.3
24,3 Lo,0 . 58.5
25.3 50.3 59.7
26.0 51.9 61.1
26.6 52.8 62.3
27.4 54.3 65.8
28.4 55.9 66.7
29.5 56.7 68.0
30.1 57.7 69.1
31.0 59.2 76.1
31.5 60.8 71.3
32.3 62.0 72.5
33.1 63,4 7h.4
33.6 65,3 75.7
35.2 66.5 77 .4
36. 67.8 78.6
37.0 69.3 80.5
38.0 71.3 83.0
39.2 72,6 84,
Lo.2 7441 87.0
L1.3 75,3 89.3
43.0 77.2 90,5
Li, 2 78.3 91.5
Ls. 80.5 94,5
L46.1 81.3 a5.
L7.4 83.3 96,9
48.9 84.9 98.3
50.5 85.6 99.4
54.7 836 102.5
TABLE 8
Run 8
Station | Station 2 Station 3
41.8 sec 56.6 sel® 68.7 sec
49-"" 6] -5 7006
50.4 62.8 72.1
5]0] 630# 73-2
52.1 6Lg5 74.2
53.0 65.5 76.2
53.9 66.8 773
54.6 68.0 78.3
24
®




55']

56.0
56.5
57.1

57%
5806
59.4

N — OO
NN~ ~\O ~

CONNN NSNS~
OC~N~N OV

- O
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00 00 00 o
VI W ~—
~wowno

88.

90.1
S1.0
92.9
94,1
95.4
37.0
98.3
99.9
101.3
102.7
104.2
106.1
107.3
108.4
202.8
203.6
229.7
230.8
231 7
232.6
233.5
259.0
260 8
261 .7
26207
263.4
310.4
3.3
312.6

25
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2451
2465
249.0
250.0
273.7
275,1
276.5
278.2
280.1
321.9
323.0
32“:6

®




341.3 353.1 364.2
3bL2.7 3s5h.7 366,2
3L3.8 355.8 367.3 @®
344.3 357.0 369.0
345.6 358.1 370.2
346.0 359.2 371.5
346.9 360.6 372.9
347.6 362.6 37441
348.2 363.3 375.2
349.0 364.1 376.4
349,3 364.8 377.8
*Lost flve pleces of data.
oTABLE 9
Run 9
Station | Statlon 2 Station 3
36.9 sec 48.0 sec 58.6 sec
37.4 48,7 59.6
38.1 49.9 60.6
43.0 55.1 65.3
Ly 57.3 67.7
L4s.0 58.3 69.0
45!6 all 70'0
45,9 .0 70.8
Le.1 61.4 72.
L46.7 62.5 73.5
L46.9 63.4 75.9
47,5 64.9 77.2
47.8 66,2 78.6
48.7 68.1 79.
49.0 68.7 82.5
45.8 70.0 84,
50.2 72.4 84.8
50,9 74.1 85.7
51.1 75.8 86.6
52.1 77.8 87.8
53.1 79.6 88.9
54.2 80.8 89.9
54,5 81.9 91.0
55.3 83.1 92.7
o
26
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*Lost one piece of data.
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00 00 QO
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LDkO\D\D\O%
SNV W N -
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\0
o]
—

100.1

o
~

102.5
104.0
221.5
222.3
225.1
226.1
228.4
229.2
231.0
296.6
298.0
299.0
300.1
301.0
310.9
311.7
312.7
335.3
337.2
338.5
340.2
341.2
342.1
343,4
3"‘4'5
346,0
347.1
351.1
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Station 1%

TABLE 10

Run 10

Station 2

vyt
VU RSEEEEE
. > » - - . - - - L) - L] . [ ] -
oowwm—-ooox\omm—-ww

N = O\W ®

COSNIN NN NI NNy JS 2Ry ]
— O\W —wWww ~~J 0O\W 0o

00 00 0 00
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Station 3

50.6 sec
52,1
53.1
54.4
55.1
56,0
58-0
59.0
60.3
61.1
62.7
6L.4
65.3
67.6
69.1
70.4
70!8
71.5
74.2
75.9
77.1
78.7
80.7
82,8
84.1
85,0
86.1
88.2
88.9
89.9
91.3
94.'
95.1
96.2
97.1
97.4
98.9
101.4
102.8




29

104.5
105.8
107.1
1094
110.8
112,3
113.4
115,0
116.5
1184
119-8
]2007
122.0
123.2
124,5
126.0
127.6
129.4
132.1
133.

134,1
135.8
220.1
220.8
221,6
222.3
235.4
236.7
240,0
240.9
242,3
243.5
247.1
248,2
283.7
289.6
285.9
286.9
288.0
289.9
291.1
292.7
295 .4
297.0
298.1



308.4 319.0

309.4 320.4
329.7. . 340.9
330.8 344.0
331.9 345.2
333.1 346.6
347.3 356.0
- 348.1 357.5
348.8 358.4
353.4 363.8
355,0 366.4
356.7 367.3
358.2 368.7
359.3 370.1
360,9 372.0
362.0 373.1
363.9 374.2
365.5 375.3
368.1 376.3
372.1 379.7
372.5 380.9
374.4 382.2
375.8 383.9
377.8 386.9
379.4 388.8
*No data obtalned at Station 1.
TABLE 11
Run 11
Station 1 Station 2 Station 3
2.7 sec 11.9 sec 21,1 sec
3.5 13.8 23.5
4.3 14.8 24,7
4.9 15.5 25.8
5.8 16.7 26.8
6.5 17.6 28.4
7.5 18.6 29.3
8-3 ]9 08 30-'
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59.0
60.5
62,08
64.8
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80.2
83 ,0
84,8
85.8
87.
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57.3
c8.0
59.0
59.7
62.0
63.3
64.2
67.0
67.9
680
70.7
71.2
72.1
73.2
74.6
75.2
76.0
76.8
78.4
79.7
80.8
82.5
84,2
85.8
86.8
87.8
88.8
90.2
91.5
92.8
93.9
95.1
96.8
98.5
100.
102.5
104.7
105.8
112.0
113.6
']407
116.3
118.0
119.1
120.1
121.1

\D
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* o o s o
\lw\n\lo-l:'ut
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»n
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o
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N
=
o

124.7
126.2
127.7
128.4
131.1
133.3
134,2
135.4
136.5
138.

140.0
141.3
143.2
144,

146.6
147.8
148.3
150.1
151.8
153.4
155.1
156.2
157.5
159.0
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124.7
125.9
126.9
128.3
129.7
131.1
134.5
136.2
138.8
140.0
142.6
143.9
145.5
146.8
148.4
149.6
150.6
151.6
152.8
154.9
156.2
157.6
158.0
162.6
164.0
165.2
166.6
168.1
170.4
171.0
171.9




AL

oA A

122.6
124,9
’2506
127.4
129.1
130.1
- 131.1

132.3

*Lost one piece of data.

‘6].2
162.4
i63.3
165, 1
166.2
'6704
168.3
169.2

33

172.8
175.1
176.7
178.5
179,9
180.8
181.8
185.7




APFENDIX B

TABLE !
Number of | DIstance to Time to
| Location | Personnel Shelter Travel Rate | Shelter
A Lo 200 feet 6 MPH 23 sec
B 10 250 6 28
c 5 300 6 34
D 25 350 6 Lo
E 10 400 6 b5
F 5 500 6 57
G 5 600 6 68 i

34
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TABLE 3

Results of Design Method Compared With Observed Results

@ Predicted Time of Arrival of | Actual Time of Arrival of
Run |' All Personnel at Station 3% All Personnel at Station 3 ®

2 731 sec 606.2 sec

3 731 589

4 100 88.1

5 168 139.4

6 236 206.9

8 397 377.8

9 397 360.2

10 410 388.8

1" 200 185.7

*Data used in computation of this column is as follows:

Travel rate outside shelter: 4.4 ft/sec

Travel rate Immedlately at shelter entrance: 1.5 ft/sec
Travel rate inside shelter: 4,0 ft/sec

Distance to be travelled inside shelter: 48 ft

Personnel density In single file queue: 1 man/(2.3)ft
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